In vehicle crash events there is the potential for fracture to occur at the processed edges of structural components. The ability to avoid these types of fractures is desired in order to minimize intrusion and optimize energy absorption. However, the prediction of edge cracking is complicated by the fact that conventional tensile testing can provide insufficient data in regards to the local fracture behavior of advanced high strength steels. Fracture prediction is also made difficult because there can be inadequate data on how the cutting processes used for hole piercing and blanking affect the edge condition. In order to address these challenges, research was undertaken to analyze edge fracture in simple test pieces configured with side notches and center holes. Test specimens were made from a number of advanced high strength steels including 590R (C-Mn), 780T (TRIP), 980Y (dual phase) and hot stamp 1500 (martensitic). Edges were prepared by three different cutting processes: shearing, laser, and water jet ablation. The specimens were pulled to failure and local fracture strains were measured by digital image correlation. Component level tests were also done on simple hat sections that featured a notch cut into the flange and side wall by either water jet or punching. These hat sections were made from select steel grades and were deformed in a three-point bend crush mode to initiate failure at the notch. The results indicate that edge fracture in high strength steels is highly influenced by both edge condition and specimen geometry. In addition, it was concluded that certain material grades can be more notch or punch sensitive than others depending on their metallurgical structure.
INTRODUCTION
In recent years, the automotive industry has adopted the use of advanced high strength steel (AHSS) as a means to create lightweight and crash-absorbent body structures. The mild steels that once dominated the entire auto body have been replaced in large percentages by new high strength steels. A modern vehicle body commonly contains upwards of 30 percent AHSS and features specialized grades based on dual phase, TRIP, and martensitic microstructures. Although advanced high strength steels have contributed to the dramatic improvement of today's vehicles, they have also introduced a number of challenges to the vehicle development process.
A prime example of this type of complication is the possibility for AHSS components to fracture at cut edges during crash deformation. This susceptibility can evolve from the limited ductility of the steel, the pre-existing damage from the edge cutting process, and the geometrical stress effect of the feature itself. The potential for edge fracture can be a consideration when developing body structures. If the cracking is not accounted for in the overall design, the load paths through the vehicle frame can be misdirected and the resultant intrusion levels can exceed target levels. It is beneficial if fracture prone areas can be identified in early design layouts through FEM modeling, as opposed to expensive and time-consuming crash tests. However, establishing the proper material data and analytic methods needed for edge fracture prediction has been one of the challenges in the advent of advanced high strength steel. The basic aim of this research was to broaden the understanding of edge cracking by analyzing how different material compositions, geometrical stress states, and edge process conditions affect fracture limits. The investigation promotes the use of new optical measurement techniques, such as digital image correlation (DIC), as an innovative method to acquire strain data in a localized area. 
EXPERIMENTAL METHOD
In this study, fracture strain data was gathered from simple tensile specimens configured with different shapes and prepared with different edge conditions. Three specimen shapes were selected for testing: 1) conventional, 2) center hole, and 3) side notch ( Figure  2 ). All specimens were taken transverse to the rolling direction of the sheet. In order to study the effect of edge condition, the notch and hole specimens were made by three different cutting processes -water jet, laser, and punching. Since the fracture on the conventional specimen initiated at the center, these test pieces were prepared by machining only. Each specimen variation was produced from seven different high strength grades: JAC 590R, JAC 780T, JSC 980Y low carbon, JSC 980Y mid carbon, JAC 980Y low carbon, JAC 980Y mid carbon, and hot stamp 1500 boron steel. This investigation included a side study looking at the effect of localizing strain measurement on fracture strain. Conventional specimens with machined edges were used for this testing.
Three-point bend tests sections were also conducted on notched hat sections. The hat section testing was limited to two materials: JAC 780T and JSC 980Y low carbon. For each material, separate sets of components were made with notches created by either water jet or punching. This study relied on Digital Image Correlation (DIC) for measuring the fracture strains in localized areas of the specimen or component. This technique digitally tracks the displacement of an applied speckle pattern during deformation and then calculates the strain based on that movement [1] . 
RESULTS -TEST SPECIMENS
The specimen test results were organized into three categories representative of key fracture variables: 1) Effect of Localizing Strain Measurement, 2) Effect of Stress State, and 3) Effect of Edge Condition.
Effect of Localizing Strain Measurement:
One of the most basic, but sometimes confusing, variables in analyzing fracture is simply the length over which strain is measured. In this study, the conventional specimen was used to characterize the mechanical properties and this gage length effect. The conventional specimen did not fail at the edge, however, it allowed for contrasting global and local strain measurements on the same test piece. Table 3 shows the yield and tensile strength, as well as the "total elongation" and "local fracture strain". The total elongation was measured based on a 50 mm gage length using a contact extensometer, and the fracture strain was measured based on a 2 mm gage length using DIC. Figure 4 compares the measurements for all the different materials.
The results indicate that local fracture strain reveals more differentiation between the materials as compared to total elongation. The total elongation does separate the grades with lowest strength (590R, 22%) and highest strength (Usibor 1500, 6%). However, among the four 980 MPa materials, the elongation varied by just a percentage, and seemed to indicate little difference in ductility. In contrast, the local fracture strain provides distinct values for each of the materials. It is interesting to note that the fracture strain measurements for the low carbon chemistries had higher values than their high carbon counterparts for the both JSC and JAC 980 types. This difference is highlighted in Figure 4 . 
Effect of Stress State:
Automotive components with complex geometric features can experience a wide variety of stress states during crash deformation. The effect of different loading geometries was analyzed by comparing the local fracture strains of the conventional, hole, and notched specimens. The conventional "dog bone" specimens represented fracture data for a uniaxial stress state. The center hole specimens were designed to create a contrasting load geometry that induced some degree of multiaxial stress. The side notch specimens were intended to have the most severe multiaxial stress of the three specimens, producing a strain condition that approached plane strain. In these tests, both the hole and side notch were water jet cut to minimize any edge damage effect.
The results in Figure 6 indicate that fracture strain decreases in magnitude between the tensile, center hole, and notch specimen, respectively. This trend reflects the basic relationship that fracture strain decreases between a uniaxial and a multi-axial state of stress. Among the materials, the decrease in fracture strain from conventional to side notch ranged from 27 -43%. Hot Stamp 1500 was noted to have the largest drop at 43%. 
Effect of Edge Condition
The edge fracture behavior of AHSS parts is known to be influenced by the trimming or hole punching method [3, 4] . In order to quantify the effect of edge condition on fracture strain, side notch specimens were prepared by three different methods -water jet, laser, and punching.
The results in Figure 8 show that water jet edges typically had the highest fracture strain followed by laser and punching, respectively. The percentage of reduction in fracture strain for punched relative to water jet, however, was not consistent among all materials. Certain materials showed a significant reduction relative to water jet. For example, the JAC 780T material showed a 44% reduction and the Usibor 1500 showed a dramatic 66% relative drop. The edge condition effect for 780T is highlighted in load vs. displacement curve shown in Figure 9 . The JAC 590R and the mid carbon 980 grades also had significant drop in fracture strain from punching. In contrast, other materials in the group had no measurable differential (ex: JSC 980Y low carbon) or relatively little differential (ex JAC 980Y low carbon). The reduction in fracture strain for laser was generally more consistent. However, the low carbon variations were again noted to have the least reduction relative to water jet. 
RESULTS -COMPONENT TESTING
The hat section is a common shape for automotive components such as sills, cross members, and rails. These parts often have geometric features where edge cracking can initiate in crash, for example, scallops on the flange, and holes in the side walls. In order to confirm if the fracture behaviors observed on the test specimens also occurred on larger and more complex part configurations, specially designed hat sections were crushed in a three-point bend mode. The set up shown in Figure 10 illustrates how the punch was oriented directly above a notch feature in the section. These notches were made by either water jet or punching. The testing was limited to two materials, JAC 780T and JSC 980Y low carbon, and both had a nominal thickness of 1.4 mm. The results were analyzed in terms of the local fracture strains at the notch (Table 4) as well as the load versus displacement curves (Figures 13, 14) . The beams were fabricated such that the rolling direction was transverse to the longitudinal axis of the beam.
The fracture behavior on the notched hat sections was in general agreement with the side notch specimens. In particular, the same punch sensitivity that was observed on the JAC 780T lab specimens was noted in the component tests. The average fracture strain on the 780T water jet components was 0.34 compared to 0.20 for the punched. In terms of displacement, there was a 53% lower stroke achieved on the punched as compared to the water jet components. Conversely, the JSC 980Y low carbon components showed less degradation as a result of punching, a similar effect to what was seen on the lab specimens. The average fracture strain on the JSC 980Y low carbon was 0.36 for the water jet component as compared to 0.31 for the punched. 
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ANALYSIS AND DISCUSSION
In this study it was observed that fracture measurements have a distinct gage dependency and that fracture strains at edges are influenced by specimen geometry, edge condition, and material type. The following discussion summarizes some key points related to those observations: 1) Gage Length Dependency: The gage effect noted on the conventional tensile specimens is an important consideration because it suggests that total elongation and local fracture strain are two distinct measurements. The total elongation value has traditionally been used as a convenient criterion to differentiate the general ductility of different steels, and is specifically recognized to be a good indicator of material's behavior in stretch forming. However, recent studies have shown it is not an accurate indicator of local deformation modes that can occur in crash such as bending and edge stretch [2, 3] . This is because total elongation is an average of strains over the 50 mm gage length, whereas the fracture strain accounts for only the localized area where strain concentrates from necking to fracture [1] .
2) Stress State: The specimen results indicate that a notched, multi-axial state of stress reduces a material's fracture stain relative to a uniaxial state of stress. The change in fracture strains with different geometries can be easily rationalized as it is a well understood concept that stress concentration features can affect fracture behavior. This type of data has growing importance in the field of fracture simulation where there is a trend to calibrate fracture criteria and strain limit diagrams based on test specimens of different geometries. These simulation techniques are still evolving and were not included in this phase of the study. However, it is believed that specialized geometric specimens and DIC strain measurements will have a key role in the future development of fracture modeling.
3) Edge Condition: Each of the three cutting methods (i.e., water jet, laser, and punching) was found to produce distinct edge conditions. Water jet created only minor internal damage in terms of plastic flow or work hardening. Punching produced significant plastic flow and work hardening, as well as crack and void formation near the cut edge. Laser cutting created a transformed heat affected zone with an elevated hardness relative to the base material. Figure 15 shows surface micrographs for each of the cutting processes using JAC 590R as an example. In general, water jet cutting produced less than 5 um of apparent edge damage whereas laser cutting damage was around 200 um and punching damage depth varied in the range of 200 to 300 um ( Figure 16 ).
4) Material
Type: It is difficult to summarize the complex interactions of microstructure, edge damage, and fracture behavior for all the materials and cutting methods within the scope of this paper. However, certain cases were of particular interest and are briefly discussed here. For example, the 780T (TRIP) grade stood out in this testing as being very punch sensitive in both the specimen and component tests. This punch sensitivity is not completely understood and requires further study, but the effect has been attributed to TRIP steel's high strain hardening value which magnifies the damage area from shearing [4, 5] . This idea is consistent with the 780T specimens in this study which had a relatively large 300 um cut affected zone and a 90 Hv hardness difference between the surface and base substrate (Figure 16 ). It is important to emphasize that the unique bulk properties of TRIP steels, including the strain hardening behavior, are actually very advantageous in both forming and crash deformation. The reduced fracture strains at edges, once understood by testing such as presented here, can be accounted for in initial simulations and designs, and thus allow for taking full advantage of these unique bulk properties. In contrast to the TRIP steel, the low carbon JSC 980Y was noted have lower punch sensitivity as compared to the other materials. The reduced punch sensitivity in the low carbon dual phase products is reported to originate from a low hardness differential between the ferrite and martensite, which reduces the tendency for interfacial fracture at the phase boundaries during shearing [6] . It has also been theorized that the reduced punch sensitivity of dual phase relative to TRIP results from its lower strain hardening value and the resultant smaller damaged volume near the sheared blank edge [4] . 
